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^^ ' We propose a minimal unified model of tlie electroweak interactions without a Higgs particle in 

the final physical spectrum. This is achieved through adding a nonlinear constraint for the Higgs 
field in the Lagrangian in which the field's content is the same as in the Weinberg-Salam (WS) 
model. In the unitary gauge the generation of masses of the W and Z bosons, as well as for the 
leptons and quarks, reproduces the known pattern in the WS model. The path integral quantization 
►^ ' shows that with the exception of the scalar particles' all other vertices known from the WS model 

rf-\ I in the unitary gauge, remain. A Ward identity relative to the electromagnetic gauge group is also 

Xf^ . derived. 
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The Weinberg-Salam model MM uses the Higgs-Kibble mechanism P,Ej for the generation of masses for the W^,Z 
and the spinor fields. After breaking the original gauge symmetry down to the electromagnetic gauge group one has 
one neutral Higgs boson in the physical spectrum, which as yet has not been observed.n In his attempt to avoid 
CIh] introducing a Higgs field LaChapelle Q uses the gauge group Uc(3) x U(l) x C(3, 1), where Uc{<i) is the color group 
1^ and C(3, 1) is the conformal group acting on Minkowski space. In this model part of the gauge potentials (except 

for the photon) acquire masses but there remain problems with the interpretation of the other gauge fields. In the 
framework of a conformally invariant model Pawlowski and Raczka g] also suggest the elimination of the Higgs field, 
restricting its scalar length by a suitable conformal transformation. In the present paper we propose to eliminate the 
, ; , Higgs boson by adding a suitably chosen constraint on the scalar field which reduces the number of particles in the 
j^ ' final spectrum. In Section II we study the classical aspects of a model of the electroweak interactions on the basis of 
a previously introduced gauge group MU(2) Q], using a quadratic constraint on the Higgs field. As mentioned in [0, 
the representations of MU(2) allow one to describe fields with charges proportional to 1/3 (in units of the elementary 
charge) . This group is different from that proposed as a gauge group for the standard model in a recent publication by 
Roepstorff and Vehns ||]. The latter is a subgroup G of SU(5) and like MU(2), G/SU(3) also appears as a covering 
of U(2). In Section HI we consider the model in the unitary gauge and show that it reproduces all the features of 
the physical particles in the WS model except for the Higgs field, which is absent in the particle spectrum. The 
quantization of the model is carried out using Hamiltonian formulation. In Section IV we study the proposed model 
as a system with first and second class constraints and derive the Hamiltonian. In Section V a Ward identity is derived 
relative to the residual electromagnetic gauge group. In this paper we are not considering the renormalizability of the 
the model. 



*After this work had been completed we became aware of the report at CERN about a possible evidence of the Higgs boson 
at LEP, the data, however, being suggestive, not conclusive. In any case we hope that the present paper will be of use for the 
theorists in the treatment of the Higgs and other elusive particles. 



II. LAGRANGIAN FORMULATION OF THE MODEL 

Our convention for the metric in Minkowski space is 5^1/ = diag{\, —1, —1, —1), the gamma matrices satisfy 7o7u7o — 
Qiiiil^. under hermitian conjugation and the matrix 75 = i7o7i7273 is hermitian. The projectors acting in the spinor 
space S and separating the right- and left-handed part of a spinor, are 

Hl = ^^ , n;,, = ^-±^ . (1) 

The space 5* is a direct sum 

S^Sl®Sr, Sl^UlS, Sr^UrS. (2) 

We start with a Lagrangian that contains singlet and doublet states with respect to the group MU(2) — (Rx SU(2))/3Z 
as suggested in 0, 

left leptons , L"^ € C^ (gi Sl C C"^ ® S , (3) 

left quarks , Q^ e C^ (g) Sl d C^ (S S , (4) 

right leptons , Rf € A^C^ (g) Sr c A^C^ ®S, (5) 

right quarks of type "p" , R^ € A^C^ (g) Sr C A^C^ ®S, (6) 

right quarks of type "n" , R:^ G A^C^ (g Sr C A^C^ ®S, (7) 

scalar Higgs field , G C^ , (8) 

where the index A = 1,2,3 denotes the three generations of spinor fields. The fields @-(^) transform under suitably 
chosen representations of MU(2) as follows 

(9) 
(10) 

(11) 
(12) 

(13) 
(14) 

In the notations of we write [u, A] e MU(2) for the equivalence class {{u + Skir, e'^^^'^^A) |fceZ}, u e R, A e 
SU(2), and 

r[M,A] = e'"A, r'=[u,A]=e™(i+^)yl, Det*[w, A] = e^. (15) 

Since the Lie algebras of MU(2), U(2) and SU(2) x U(l) are the same, 

LieMU(2) =R®LieSU(2) , (16) 

there are three gauge potentials A" (a = 1,2,3) relative to the Lie algebra of SU(2) and one, B^, for R, the respective 
gauge coupling parameters being g and g' . A set of four generators for MU(2) is given by 

X-^U^Y a^l,2,3, and X ^ (~^,o] , (17) 

where ct" are the Pauli matrices. Note that it is specific for this model that the actions of MU(2) on the left leptons 
L^ and on the Higgs field <j) coincide, so that the covariant derivative of <j) reads 

The remaining covariant derivatives are the same as in the WS model. The Yang-Mills Lagrangian 

/:ym = ~\fi,f^'''' - \b^.b^'' (19) 



L^ - 
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contains 

^;. = d^Al - d^A^ + ge^^^AlAl , B^, = d^B, - d,B^ . (20) 

In order to write the scalar-spinor interaction term in an MU(2) invariant form we note the foUowing: let 61,62 be 
a basis in C^, G C^, u G C^ 5, and G be the standard hermitian metric in C^. Writing (j> = 4>iei + ^262, 
u = uici +uie2 one has 4'Au = {(f>iU2 — <t>2Ui)ei A 62 G A'^C^ ® S. Using G and Dirac conjugation we define a bihnear 
form in A^C^ 5 denoted by ( , )g such that 

('(/'61 Ae2,6'6i Ae2)G = '06'- (21) 

Let u = ia^u* where u* is the complex conjugate of u. We will further use the representations of MU(2) on A^C^ 

defined by Det ^ [m, A\ — e~s~ . We may write now an MU(2) invariant term involving the spinor fields and the Higgs 
field, namely 



•^Yuk — 



K^^s{'I^AL^,Rf)^ + K%{4>AQ^,R^)^ + Kls{cb/\Q^,R^)G + h.c. , (22) 



summation over the repeated indices A, B is assumed. Here K'^g are the matrix elements of a 3 x 3 real diagonal 
matrix, while K'^g and K^g are the matrix elements of 3 x 3 complex invertible matrices. Note that the transformation 
property of 4> yields a form of Cyuk which contains a minor difference as compared to the explicit form of the Yukawa 
term in the WS model. The pure Higgs field term reads 

C^ = (Vf,(l3)*iV^'4>) + c{x){4>*(l}-a^) , a = const., a>0. (23) 

Instead of the standard potential V{(l)) = — /i^0*0 + A(0*0)^ it contains a nonlinear constraint fixing the squared norm 
of the field (f>, ||^|P — a^ ■ The real field c{x) is the corresponding Lagrange multiplier. Considering the equations of 
motion for (^{x) and c(a;), we find 

2?^I?'^0-c(a;)(/)-y = O, (24) 

^*P*P*M _ c(a;)0* - y* = , (25) 

0*0-a2 = O. (26) 

T)* implies hermitian conjugation of the covariant derivative as well as action of the differential operator to the left. 
The explicit form of V^ e C^ is 

V = ^!±^ = I I (27) 

K%g{L^)^Rf - K*/gR^{Q^), + Klg{Q^),R^ 



and V* is the hermitian conjugate of V . Expressing c{x) from (E4)-(M 



c{x)^\[4,*{V^V^^cj,)-cj,*V] , (28) 

c(a;) = l[(0*I?;i?*^)0-F*0] , (29) 



we eliminate the Lagrange multiplier and obtain 



P^P^f^ - ^ [(|)*{V^V^'cp) - (/.*y] - 1/ = , (30) 

^*P*P*M _ ]_^* [[^*v*p*^')4) - v*(t>] - y* = , (31) 

(j)*(V^Vt'(j))-(l3*V ==: {<f)*VlV*f')(j)-V*<j) . (32) 



III. THE UNITARY GAUGE 

The unitaxy gauge is the gauge in which the scalar Higgs field has one constant component. Due to the nonlinear 
constraint ( P6[ ) the other component is also fixed 



4>o{x) 



(33) 



The electromagnetic subgroup MUem(l) is the little group for cf)o, i.e. 



T 



a I e~ 
2' I ef 



a £R . 



(34) 



For each point x we may choose an element [u, A] e MU(2), so that T [u, A] transforms cj) to the form (p3), namely 



[u,A] = 



Or 



^1 ^2 



T[u,A] = 



^1 ^2 



h2?^a' 



(35) 



Following the standard pattern we define the physical fields VFr^, Z^ and A^ as unitary linear combinations of the 
original gauge fields. The four fields with definite electric charge are 



w- 



1 I 



\ ^2 ^2 y 

Indeed, the general gauge transformation 



Al 



A., 



_ Vff'+S" \/9'+9' 



Va^+9^ V¥+a' 




(36) 



^,a ^ T{g){AlT-)T{g)-' - -{d,T{g))T{g)-\ 



(37) 



applied for an element from the electromagnetic subgroup MUem(l), gives for the fields 



W'm = e'"^/^ ' W\ = e-^'^W; 



Z fi — Zfj^ , 



A'u = A^ + -d.a 



M . ^^^^ 



(38) 
(39) 



The elementary electric charge is identified as e 



vV+fl 



Therefore, in the unitary gauge after breaking the 



symmetry down to the MUem(l) subgroup, we recognize with no surprise that Wr^ are charged vector fields, Z^ is 
a neutral vector field and A^ is the remaining gauge potential (for the residual invariance group), identified with the 
electromagnetic field. 



If we go back to the Higgs field term ( |23[ ) , we see that in the unitary gauge it only contributes to the masses of the 
vector fields 



^^+^-. + il±p^z,z'^ 
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The field c{x) has been excluded and does not appear in the unitary gauge. As in the standard scheme, in the unitary 
gauge the Icpton fields are identified with the physical leptons, whereas the quark fields appear as linear combinations 
of quarks with definite current masses 



L^ = 






1^^ = Ve,V^,VT 

e^ — e, ^,T 



(42) 
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^p — P R 



L / K^ -n ji 

The scalar-spinor term in the Lagrangian after breaking the symmetry acquires the form 



n 






(43) 



C 



Yuk 



,A ,B 



A ,B 



Mls^ief + M^^p'^'^ + Mlsn'^n'l + h.c 



(44) 



The mass matrices for Icptons and quarks have matrix elements M%b = aK^^, ^ab ~ '^^ab^ -^ab ~ '^^ab- 
The neutrinos are strictly massless and the quark mass matrices are in general non-diagonal. The procedure of their 
diagonalization goes in the same way as in the WS model yielding the quark mass eigenstates p^ and n^ ^ . 

The Lagrangian of the proposed model in the unitary gauge can be written in a form, suitable for determining 
the canonical momenta of the fields and the primary constraints for a further transition to Hamiltonian formalism 
and quantization by path integrals. The term in the Lagrangian, associated with the massive vector fields and the 
electromagnetic gauge potential, is 



-vec. 



^{d,,A. - d,A^){d''A'' - d-'An - \{d^Z, - d,,z,:){d^z- - d^'Z^) 



1 



1 



+ -AfiZ^Z^ - ^{d^^W^ - d,W^){d^W~'' - d^w-^) + M^w^w-'^ 



2 ^^ 2 

igg' 



• 2 

^9 



[{d^A, - d,A^)W+^W--' + id^W+ - d,W+)W-^A'' - {d^W- - d,W-)A''W+^] 
[{d^Z, - d,Z^)W+^W-' + id^W+ ~ d,W+)W-''Z'' - {d^w- - d,W-)Z''W+^'] 



^{W+W-f'W+W-'' - W+W+t'W-W-") - 2 {W+W-^'A^A'' - W+ A^'W' A'') 

2 9+9' 

^ ^{W+W-^Z^Z" - W+Z^'W-Z'') - -^-±-^{2W+W->'A^Z'' - W+A^^W-Z" - W^Z^'W-A") 



9^ +9' 



9^+9' 



(45) 



The Lagrangian, describing a free spinor theory with physical fermions, is 



,(0) 

-f 



e'^iij'^df, - m,'X)e^+p'^in''df, - m^^p^ + n^ii-f'^df, - ml)n^ + D^ij'^dy 



(46) 



Here tti^, m^ and m^ denote the masses of the three charged leptons and quarks of type "p" and "n" respectively. 
It remains to list the electromagnetic current part, the weak neutral current part and the charged current term of the 
Lagrangian 



-em.c. 



99 



\/¥+'. 






A.. 



(47) 



•^n.c. — 



1 



2^9^+9'' 
1 



',''^\^AaA , 9„'2 A^ u^A 



2\,-,A_u,,yl 



2V52+3'' 



-{9' - 9n-etr4 + 25' e-^7"e^ + {9' + 5'1^^7'V 



.2 _ ^\f,AnA _ ^f,AnA _ .2 , 9^^J,AnA , V 



i9' - V)P"7V - -^Ph'P^ - i9' + '-^)ntr< + -^n^Rl 



d-^A'^d 



Z„ 



(48) 



Lc.c. = ^ [{^tYei+ph^^UABnl)W+ + h.c] , 



(49) 



where U is the Kobayashi-Maskawa matrix. Finally we go back to the equations (pn)-(32). If we take into account 
the explicit form of the vectors V and V* in the unitary gauge, we find 



+ '-^{m\eiv^ + m\niUlsPL - ^n^UXsP^) = , (50) 

ga 

V9^ + 9' Vff' + 9' 



iV2 
ga 



-^{m\9^ei + mlpiUABnl - m^p^C/^snf ) = , (51) 



a^^/g^+g' 

~<ipipi - PiPR) + m\{nint - nf <J] = . (52) 

Equations (p0|)-(^2|) appear in the unitary gauge as part of the equations of motion for the W^ and Z bosons. They 
signify the fact that a massive vector field has three physical components and are analogous to d^U^ = in Proka's 
theory of a free vector field U^ . 

IV. HAMILTONIAN FORMALISM 

For the transition to a Hamiltonian form and a subsequent quantization of the model we will use the approach and 



terminology of |10-12|. Following |TI[], we will treat the fields in the model as elements of a Berezin algebra. The 
time component of the electromagnetic gauge potential Aq will be considered as a Lagrange multiplier. 
Given the Lagrangian (^)-(^) we find the conjugate momenta for the spinor fields 



OrC .-a TT '^R^ 



n.- = 1^ = *^^7° , n,A - -^ = , (54) 



^ _ --A TT _ ^R^ 



np-* - TTa - *P^7° , Hp^ = -^ = , (55) 



„ QrC ._^ SrC 

Here ffr, etc., stand for "right" differentiation. The canonical momenta for the massive vector fields and the 
electromagnetic gauge potential are 

nf = -^ = , 



dZ^ ./g^g' 



nf = ^ = ^' + a.^o + -^^—^ (w^o+w^r - i^+w^o 



2 



^r = ls§- = 1^-^ + m^ + -jM= {w,-A. - Aown + 



Ho 



IV- 






OrC 



nr^ = lli§ = W+' + ^^W+ + -yM= {AoW+ - W+A,) + 



J A ^rC _ -^^ ^ ^ ^ ^ igg' 










(58) 






(59) 


V 5^ + 9' 


- ZoW-) , 


(60) 
(61) 


*^ /'Z.M/+^ 


-W^o+^O , 


(62) 


V .9^ + 9 






(63) 



The corresponding velocities that can be expressed from here are W^*% Z"^ and A^ . The remaining equations from 
(p3|)-(|63|) and the part of the Lagrangian that multiphes A° define the primary constraints in the model 



iW=^,.-^e-V 



^(1) 



n 



A„,0 



vA -IV 7 









(64) 
(65) 
(66) 
(67) 



For the massive vector mesons and the electromagnetic gauge potential one gets the primary constraints 



4^^ = nf , 



.(1) -n^"" 






4-^ = 5.nf 



«55 



V.9^ + .9' 



^(n: 



^"w^--nf^w^+ 






(68) 



With the help of the explicitly solved velocities one finds the Hamiltonian of the system 



n= infn^ 



«.9.9 



1 



^Jg" + a' 



nf (w^o+w,- - VK+w^o") + -nf nf - 



^.9 



•Z /'mZ+T/T/^ T/f/+TI/^'l 



VTT^ 



nf Wn^w:" - W7W, 



'0 







V7+7^ 



M{wY wi-'^^^l 



+\ttW'+ 



■ 2 

V .9^ + g' 



1 

2^ 



(Wo+z, - ZqW+) n 
1 

2' 



+ M^w+w- + i(a,Afe - afeA,)' + i(a,Zfc - 9feZ,)' + \{d,w+ - d^w+mw^ - duW-) 



W9 



\f¥T7' 



{{d,Ak - dkA,)W+W7 + {d,W+ - dkW+)WrAk + (d^W^ - dkWr)A,W+ 



ig 



^g^ + g'' 



[{d,Zk - dkZ,)W+W- + {d,W+ - dkW+)WrZk + {d,W- - ^kW-)Z,W^ 



2 2/2 

+ ^-7r{W+W-W+W7 - W+W+W^W^) + ^j—^{W+W- A^Au - W+A.W^A,) 
2 g^ + g' 

' ^' -j^iW+W-Z.Z, W+Z.W^Zk) + -^A_(^2W+Wr AkZ, W+A^W^Z, - W+Z.W^Au) 



g^ + .9 
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VT+F 
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-{g'-g'')-eh'ei + 2g''-ej,^^ej, 



+ (g' + /)^V^-' 
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' 2v/ 
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(g' - ^)pf 7>f - ^P^,7>^^ - (5' + ^)nf 7'^nf 



2g'' 



-^T'^^fl 



Z,-^ [{i>treUptrUABnf)W+ + h.c] 



(69) 



The namiltonian, in which we have added the primary constraints with the help of Lagrange multipliers with their 
appropriate parities, can be written as 
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d^nt 
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A^0\ 



-^A^0\ 



+ (u^A - iP^'-f^x^A + CpAUpA + {UpA - IV r)c,i,A + Cfi^n,-,A + (n„A - in'^i')C,^A . 



(70) 



The requirement for the primary constraints to be time-independent completely defines the odd Lagrange multipliers 
Ce^ 7 Ce-'i I Cp-* : C-^ J QpA C,pA , Cri^ Cn^ ■ If we substitutc thc valucs for the odd Lagrange multipliers one sees by direct 
inspection that 



I ^ J|0(i)=O 



is satisfied identically. The primary constraints for the massive vector fields generate secondary constraints 

^2 
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(72) 



6(2) 



d,ur 



W9 
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V?T7' 



{nfWr-Il^ Z,)+M^W„- 



+ -|(£^f7°ef+p-f7°f/ABnf), 
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V7+^ 



(nfw,+ -nr A 
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V5^+F 



(nfw,+ -n,r Z,) + M^T^o^ 



2 w+ 



+ -|(e-f7V+"f^lB7"pf) 



(74) 



If we impose that the new constraints ([72[)-([74|) are time- independent we find the even Lagrange multipliers 
yW ^ yW ^ yz ^^^ j-^Q j^g^ constraints appear. 

We will quantize the proposed model in the Coulomb gauge diAi = for the electromagnetic gauge potential. We 
choose sources for the fields, having the relevant parity. The functional integral Z{J') acquires the form 



Z{J)^ /"exp I f d^xin'^q"^n + j"q'^) 



Sdet^ {0', (/.'} S{cP^^^)Si(t)'■^^)6i^,A^)d^li^T, q) , 



(75) 



where dfiin, q) = 'D'K'Dq and the sums over a in the exponent of (fTq) are given by 



T^ i» _L Tt2 7" ^T{Z yi , ttW^ ^jr+0 , ttW+ ^jr+^ 



7r"g" = nf A' + n^ z" + nf z' + Hq^ w+'' + nf 1^+' + n^ w-'' + nf w-' 



(76) 



+ v^rjfiA + fj^^AV^ +p"^ripA + fjpAp"^ + n^rjnA + fjnAn^ 



(77) 



By direct inspection one sees that the superdeterminant, restricted to the constraints by the (5- functions m^ is 
independent of thc fields and reduces to a constant multiplier of Z{J). 

(1) f2) (2\ (2\ 

Given the integral representation of the (5- function, one may place the constraints (t)\ , 01^+ , (Pw- ^^'^ vz ^'^ ^^® 
exponent of the functional integral. As a result we have additional integration over the variables Aq, X}^ , A^ and 
X^ . A change of variables, which makes the corresponding integrals of a Gaussian type, reads 



w+ + \^ ^ w+ , w^ + \ 



w~ 



W, 



' 



Zq + X -^ Zq 



(78) 



These integrals do not contribute to the normalized Z{J'). In the next step one has to take the integrals over 
n^, nf , li^ and li^ . A change of variables, that separates the integrations, is 
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For the normalized functional integral one obtains finally 
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[W^Z.^ZoWr 
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ZoiJ) 



exp 
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V. A WARD IDENTITY 



The functional integral (p3) can be written in the form: 
Z{J) 



ZoiJ) 



exp 



i d X (£(0) + ^(g.{.) + 'C(si.c.) + £(int.)) 



dfi{q) , 



(84) 



where the terms in the exponent are the Lagrangian of the free theory, the gauge fixing part 'C(g f ) = —^{df^A'^)'^ for 
the Feynman gauge of A^, the source part and the interaction. One easily checks that all nonzero vertices (i.e. those 
without Higgs lines), as well as the 2-point free Green's functions for the photon, vector- meson and spinor fields, 
coincide with the corresponding ones from the WS model |^ in the unitary gauge. The physical consequences of 
the model should not depend on the gauge transformations. Introducing the restriction that the functional integral 
Z{J) is gauge-invariant, one finds an equation in variational derivatives, which represents the Ward identity. The 
infinitesimal gauge transformations from the electromagnetic gauge subgroup are 

(85) 
(86) 
(87) 
(88) 

(89) 
(90) 
The transformations (pq)-(M) result in an additional exponential part in the functional integral 
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-,A A 2i A 
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/^ A ^ A 
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-,A A ^ A 



z(°\j) 

ZoiJ) 



= / exp 



'X I --df^At'd^d'^a 4- -J'^d^a + iiJ^W+ - J^Wpa 



+iie^r]gA - ■q^Ae^)a - —ip^Vp-^ - Vp'^P^)a + -(n^r/^A - ?7„An^)a j 



X exp 



• / d'^xC(c«.) 



dniq) 



(91) 



If we expand the exponent over the infinitesimal parameter a and substitute the fields with their variational derivatives 
up to first order in the expansion we get 
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3 V ^ Sr]pA ' 6r]pA '^ J S \ '" Stj^a Stj^a 
where the variational derivatives act directly on Z{J'). With the transformation 

Z{J) = e'^(-^) , 
Eq. (p3) acquires the form 



S-q^A SrjgA 
ZiJ) = , 



Ve^ 
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6W SW 
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2i ( _ m m \ i ( _ SW SW 

-^e. -q A-—- + 7?pA + ^e 77„a— h ry^A = 

3 V oVpA OrjpA ' ) 3 V S^n'' Srjf^A 

It is convenient to rewrite ( |94|) as an equation for the vertex function 



We may express the sources through variational derivatives over the fields 
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(92) 



(93) 



(94) 



(95) 

(96) 

(97) 

(98) 

(99) 

(100) 

(101) 
(102) 

If we recall the standard variational derivative expressions for the fields in the path integral formulation (p3) and take 
into account the definition of the vertex function (Dq) we find 
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(103) 
(104) 
(105) 
(106) 
(107) 
(108) 
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Finally using (M) we derive 



2i f ^Sr ST A t f A ST ST A ^ .^. 

-J' [^w + ^') + r r ^ + ^" j = ' • (^0^) 

Equation ( |l09|) gives relations between the Green's functions of the charged fields and the electromagnetic gauge 
potential. Taking variational derivatives gives the Ward identities for the electromagnetic interaction of the fields in 
the proposed model. 

If we substitute the action 

S= I d^xC (110) 

with a suitably regularized gauge-invariant action 

5a = / d^xCK, (111) 



(A being a regularizing parameter) we may derive analogous equation, which gives relations among the regularized 
Green's functions in arbitrary order in perturbation theory. 
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